HilA activates the transcription of genes on Salmonella pathogenicity island 1 (SPI1), which encodes a type III secretion system (TTSS). Previous studies showed that transposon insertions in orgC, a gene located on SPI1, increase hilA expression. We characterize the orgC gene product and show that it is secreted via the SPI1 TTSS. We propose a model whereby OrgC functions as a secreted repressor of the SPI1 virulence genes.
Salmonella enterica serovar Typhimurium uses a type III secretion system (TTSS) encoded on Salmonella pathogenicity island 1 (SPI1) to secrete and translocate virulence proteins into host cells during the intestinal phase of infection (12, 26, 40) . Effector proteins secreted via the SPI1 TTSS are encoded both within SPI1 (AvrA, SptP, SipA, SipB, and SipC) (5, 11, 14, 20,) and outside of SPI1 (SopA, SopB, SopE, SopE2, SspH1, and SlrP) (16, 30, 32, 34, 35, 36) . Members of a subset of these translocated effector proteins cause cytoskeletal rearrangements, membrane ruffling, and macropinocytosis in epithelial cells, resulting in bacterial uptake or invasion (10) .
The SPI1 type III secretion (TTS) apparatus is composed of at least 15 different Inv, Spa, Prg, and Org proteins that are encoded in several large operons on SPI1 (23) . Mutation of the corresponding inv, spa, prg, and org genes on SPI1 abolish secretion and translocation of the effector proteins (references 22 and 33 and references therein). Translocation of serovar Typhimurium effectors also requires the sipB, sipC, and sipD genes on SPI1 (20, 21) . SipB, SipC, and SipD are secreted via the SPI1 TTS apparatus and are believed to form a translocation pore in the host cell membrane which allows effector proteins to pass directly into the host cell cytosol (5, 18, 35) .
Production of the SPI1 TTSS and many of its secreted effectors requires several transcriptional regulators, such as HilA and InvF, that are encoded on SPI1 (2, 6, 28) . HilA is an OmpR-ToxR family member that directly activates SPI1 genes encoding components of the TTS apparatus by binding upstream of the invF and prgH genes (27) . InvF directly activates SPI1 and non-SPI1 genes that encode many of the effector proteins that are secreted via the SPI1 TTSS (6, 8) . Oxygen, osmolarity, and pH have been shown to regulate expression of the SPI1 TTSS by modulating hilA transcription (28, 29) .
orgC, a gene on SPI1, has been speculated to play a role in regulating hilA expression. Transposon insertions in orgC were reported to increase expression of a hilA-lacZ fusion (9) . In this study, we confirm previous results showing that orgC is not required for protein secretion by the SPI1 TTSS (22) and further demonstrate that orgC is not required for translocation of SipA and SptP into HEp-2 cells. We identify the orgC gene product and show that it is secreted via the SPI1 TTSS. Furthermore, using the Elk tag reporter system, we did not detect the translocation of OrgC into HEp-2 cells.
Construction and phenotypic analysis of a serovar Typhimurium orgC deletion mutant. The orgC gene, located on SPI1 immediately downstream of orgB in the prgHIJKorgABC operon (22) , encodes a putative protein of 161 amino acids. OrgC has previously been shown to be dispensable for secretion of serovar Typhimurium effectors and for invasion of epithelial cells by serovar Typhimurium (22) . In order to characterize additional phenotypes of an orgC mutant, we constructed an in-frame nonpolar deletion in orgC that eliminated the coding region for amino acids 16 to 103 using the PCRligation-PCR technique (1) and primers 5Ј-TTTTCTAGAGT CATAGGAAACTTCCAGTGA-3Ј, 5Ј-TTTGGTACCTGAG CAGCAAACGGCTATGCT-3Ј, 5Ј-TTTGGTACCAAACCC GGTATCACCTTATAA-3Ј, and 5Ј-TTTGATATCTACCGT CCCCGCTTTCGCCTG-3Ј. The amplified product containing the deletion within orgC was inserted into the XbaI and SalI sites of the suicide vector pMAK407 (13) , generating plasmid pMAK-orgC. Plasmid pMAK-orgC was utilized to move the orgC deletion into the chromosome of serovar Typhimurium strain SL1344 (17) . Briefly, pMAK-orgC was electroporated into SL1344, and bacteria that had integrated the plasmid into the chromosome by homologous recombination were selected for their resistance to chloramphenicol at 42°C. After passage under nonselective conditions, clones that had resolved the cointegrate by excision of the plasmid sequences were screened for by their sensitivity to chloramphenicol and were tested for the presence of the deletion by PCR and restriction endonuclease digestion. Serovar Typhimurium strain JD98 was determined to contain the correct deletion in orgC.
The secretion phenotype of the orgC deletion mutant JD98 was analyzed by measuring the secretion of epitope-tagged versions of SipA and SptP. Plasmid pSptP-Elk, which expresses the full-length SptP protein (amino acids 1 to 543) fused to the Elk tag, was constructed by PCR methods. The Elk tag, encoding the SV40 large tumor antigen nuclear localization signal fused in-frame to amino acids 375 to 392 of the Elk-1 eucaryotic transcription factor, was amplified using primers 5Ј-TTTATGCATGCGGAATTAATTCCCGAGCCT-3Ј and 5Ј-TTTCTCGAGTGACTTGGCCGGGCTACGGGG-3Ј carrying NsiI and XhoI sites (underlined), respectively (7). The resulting Elk tag fragment was digested with XhoI and inserted into EcoRV-and XhoI-digested plasmid pBluescript SK(Ϫ) (Stratagene), generating plasmid pELK6. The DNA fragment encoding the full-length SptP and its chaperone SicP were amplified using primers 5Ј-TTTGGATCCTTCAAGAGGAA AGTAAATTGC-3Ј and 5Ј-TTTATGCATGCTTGCCGTCG TCATAAGCAA-3Ј, digested with BamHI and NsiI, and ligated in-frame into the BamHI and NsiI sites of pELK6, generating plasmid pSptP-Elk. Plasmid pSipA-Elk, which expresses the full-length SipA protein (amino acids 1 to 685) fused to the hemagglutinin and Elk tags, was constructed by PCR amplification of the DNA sequence encoding the Elk tag using primers 5Ј-TTTGAATTCTGCGGAATTAATTCCCG AG-3Ј and 5Ј-TTTGAATTCTTCTTGGCCGGGCTACGGG G-3Ј. The Elk tag fragment was digested with EcoRI and inserted into the EcoRI site of pAJK68C (25) , a derivative of pBH that encodes a hemagglutinin-tagged version of SipA expressed from the tac promoter, generating pSipA-Elk.
The serovar Typhimurium wild-type (wt) SL1344 strain and the orgC deletion mutant, JD98 (⌬orgC), carrying pSipA-Elk or pSptP-Elk, were grown in Luria-Bertani (LB) medium (0.5% Bacto-yeast extract, 1% Bacto-tryptone, 1% NaCl) under limited aeration conditions at 37°C, conditions previously shown to promote the induction of the SPI1 TTS genes (2, 28) . Secretion of SipA-Elk and SptP-Elk into bacterial culture supernatants was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting using antiserum specific for the Elk tag (␣-Elk) (Cell Signaling Technology, Beverly, Mass.) (Fig. 1 ). The orgC deletion mutant secreted SipA-Elk and SptP-Elk at levels comparable to the those for the wt strain, confirming that OrgC is not required for the secretion of serovar Typhimurium effectors (22) . These data also show that addition of the Elk tag to the carboxyl terminus of SipA or SptP did not disrupt the expression or secretion of these hybrid proteins.
Use of the ELK tag system to detect translocation of serovar Typhimurium effectors into HEp-2 cells. The ELK tag reporter system was originally developed to detect the translocation of Yersinia pestis proteins into mammalian cells (7) . The reporter system utilizes a small bipartite phosphorylatable peptide tag, termed the Elk tag. Translocation of an Elk-tagged protein into eukaryotic cells results in host cell protein kinase-dependent phosphorylation of the tag at a specific serine residue, which can subsequently be detected with phospho-specific antibodies. To determine whether the Elk-tagged SipA and SptP hybrids could be translocated into HEp-2 cells and phosphorylated at Elk-1 serine 383, we infected HEp-2 monolayers with serovar Typhimurium SL1344 carrying pSipA-Elk or pSptPElk, essentially as described for infections of HeLa cells with Y. pestis, except that no phosphatase or protease inhibitors were used (7) . Serovar Typhimurium cultures were grown for 3 h to an optical density at 600 nm of 1.0 and used to infect HEp-2 cell monolayers at a multiplicity of infection of 30 bacteria per HEp-2 cell. After 3.5 h of infection at 37°C, the tissue culture medium was discarded, and the HEp-2 cell monolayer was lysed by the addition of SDS-PAGE sample buffer. Protein lysates from infected HEp-2 cells were analyzed by SDS-PAGE and immunoblotting with the Elk-1 and phospho-specific Elk-1 antibody preparations (Cell Signaling Technology). The Elk-1 antibody detects total Elk-tagged proteins, independent of their phosphorylation state, while the phospho-specific Elk-1 antibody detects only Elk-tagged proteins that are phosphorylated at Elk-1 serine 383. As shown in Fig. 2 , the Elk-1 antibody (␣-Elk) and the phospho-specific Elk-1 antibody (␣-phospho-Elk) detected the SipA-Elk and SptP-Elk proteins in HEp-2 lysates infected with SL1344 (wt) carrying pSipA-Elk and pSptP-Elk, respectively. These results indicate that SipAElk and SptP-Elk were translocated and phosphorylated in the HEp-2 cells.
In order to test whether phosphorylation of the Elk-tagged proteins depends on components of the SPI1 TTS apparatus and translocation pore, known to be required for secretion and translocation of SPI1 effector proteins, respectively, we measured SipA-Elk and SptP-Elk translocation in serovar Typhimurium strains defective in invG, sipC, and invE. invG encodes a component of the SPI1 TTS apparatus, and sipC encodes a component of the putative translocation pore (19, 21) . InvE is required for translocation of serovar Typhimurium effectors into mammalian cells, although it is not thought to be a component of the TTS apparatus or translocation pore (24) . Inframe deletions in sipC, eliminating the coding region for amino acids 1 to 251, and in invE, eliminating the coding region for amino acids 9 to 225, were constructed using the PCR-ligation-PCR technique (1) (details available upon request). An in-frame deletion in invG was constructed by removing the 517-bp HindIII fragment internal to invG, blunting the ends with Vent DNA polymerase, and ligating the blunt ends to form a 513-bp deletion in the invG open reading frame. The invG, sipC, and invE deletion mutations were introduced into the SL1344 chromosome using pMAK705 derivatives, as described above (13) . Complementing plasmids pINVG1, pSIPC1, and pINVE1 were constructed, which express the full-length InvG, SipC, and InvE proteins, respectively, from an arabinose-inducible promoter (details available upon request).
As shown in Fig. 2A and B, the invG mutant (AJK61), sipC mutant (JD15), and invE mutant (JD91) expressed SipA-Elk and SptP-Elk at levels comparable to that of the wt strain; however, neither hybrid protein was detected using the phospho-specific Elk-1 antibody (␣-phospho-Elk) in cells infected with any of the mutant strains. Complementation of the invG, sipC, and invE mutant defects with plasmids pINVG1, pSIPC1, and pINVE1 ( Fig. 2A and B) demonstrate that the phosphorylation of SipA-Elk and SptP-Elk in HEp-2 cells requires that they be delivered from both secretion-and translocation-competent serovar Typhimurium. Translocation phenotype of the orgC deletion mutant. The translocation phenotype of the orgC deletion mutant JD98 (⌬orgC) was analyzed by measuring the translocation of Elktagged SipA and SptP into HEp-2 cells. The Elk-1 (␣-Elk) antibody detected comparable amounts of both the SipA-Elk and SptP-Elk proteins in lysates of HEp-2 cells infected with SL1344 (wt) and the orgC deletion mutant JD98 (⌬orgC), indicating that the Elk-tagged proteins were expressed equally in these strains during the infection (Fig. 2C and D) . The phospho-specific Elk-1 antibody (␣-phospho-Elk) also detected SipA-Elk and SptP-Elk in lysates of HEp-2 cells infected with the orgC deletion mutant JD98 (⌬orgC) at levels comparable to that in lysates of cells infected with the wt strain ( Fig. 2C and  D) . The sipC deletion mutant JD15 (⌬sipC) was used as a translocation-defective control. These data indicate that OrgC is not required for translocation of serovar Typhimurium effectors into HEp-2 cells.
Identification and localization of the OrgC-Elk protein. In order to identify and localize the OrgC protein, we constructed plasmid pOrgC-Elk, which expresses carboxyl-terminal Elktagged OrgC. Plasmid pOrgC-Elk was constructed by PCR amplification of the DNA fragment encoding full-length orgC using primers 5Ј-TTTGATATCTACCGTCCCCGCTTTCGC CTG-3Ј and 5Ј-TTTGAATTCCCAGTCAATTGCCTCTTTG TT-3Ј. The amplified product was digested with PvuII and EcoRI and inserted into SmaI-and EcoRI-digested pELK6, generating pOrgC-Elk. SptP-Elk was used as a positive secretion control. InvE, a cytoplasmic protein, was used as a negative secretion control (24) . Plasmid pInvE-Elk, which expresses a carboxyl-terminal Elk tag fused to full-length InvE, was constructed by amplification of the DNA fragment encoding fulllength invE using primers 5Ј-TTTGGATCCCTGATTGGGG AACGTAATGTG-3Ј and 5Ј-TTTGAATTCAGACAGCTTT TCAATAGTACG-3Ј. The amplified product was digested with BamHI and EcoRI and inserted into BamHI-and EcoRIdigested pELK6, generating pInvE-Elk.
Plasmids pSptP-Elk, pOrgC-Elk, and pInvE-Elk, encoding SptP-Elk, OrgC-Elk, and InvE-Elk, respectively, were transformed into wt serovar Typhimurium SL1344, and the expression and secretion of the Elk-tagged proteins were determined after 6 h of growth in LB medium at 37°C. The Elk-1 antibody (␣-Elk) detected SptP-Elk, OrgC-Elk, and InvE-Elk in the bacterial cell pellet fraction in comparable amounts, indicating that each of the Elk-tagged proteins was efficiently expressed (Fig. 3A) . As expected, the Elk-1 antibody failed to detect InvE-Elk in the culture supernatant fractions; however, OrgCElk was readily detected by the Elk-1 antibody in the culture supernatant fraction, as was SptP-Elk. These data suggest that OrgC is secreted by serovar Typhimurium.
In order to determine whether OrgC secretion is dependent upon a functional serovar Typhimurium SPI1 TTSS, serovar Typhimurium SL1344 (wt), the TTS-defective invG deletion on February 21, 2013 by PENN STATE UNIV http://iai.asm.org/ mutant AJK61 (⌬invG) and the invG deletion mutant complemented with pINVG1 were transformed with plasmid pOrgCElk and grown in LB media containing 0.02% arabinose for 6 h at 37°C. The amount of Elk-tagged OrgC present in the bacterial cell pellet and culture supernatant fractions from each strain was determined by SDS-PAGE and immunoblotting with the Elk-1 antibody (␣-Elk) (Fig. 3B) . The Elk-1 antibody detected OrgC-Elk in the bacterial cell pellet fraction from serovar Typhimurium SL1344 (wt), the invG deletion mutant AJK61 (⌬invG), and the invG deletion mutant complemented with pINVG1 in comparable amounts, indicating that OrgCElk was efficiently expressed in each of these strains. The Elk-1 antibody readily detected OrgC-Elk in the culture supernatant fractions from serovar Typhimurium SL1344 (wt) and the invG deletion mutant complemented with pINVG1 but not in the invG deletion mutant (⌬invG). These data indicate that OrgC is secreted via the serovar Typhimurium SPI1 TTS apparatus. Translocation of OrgC-Elk into HEp-2 cells is not detectable. Previous studies have shown that several SPI1-encoded proteins are not only secreted via the TTSS but are also translocated into mammalian cells (23, 26) . To examine whether OrgC can be translocated by serovar Typhimurium into HEp-2 cells, we infected HEp-2 cell monolayers with wt serovar Typhimurium SL1344 carrying plasmids pSptP-Elk and pOrgCElk. As shown in Fig. 4 , the Elk-1 antibody (␣-Elk) detected both the SptP-Elk and OrgC-Elk proteins in the HEp-2 cell lysates, indicating that the Elk-tagged proteins were expressed during the infection. However, only SptP-Elk was detected in the HEp-2 cell lysates using the phospho-specific Elk-1 antibody (␣-phospho-Elk). These data suggest that either OrgC is not translocated into HEp-2 cells or the Elk reporter system failed to detect the translocation of OrgC into HEp-2 cells.
Possible functions of OrgC. Previous studies using transposon mutations showed that orgC is not required for secretion of serovar Typhimurium effector proteins or for invasion of serovar Typhimurium into epithelial cells (22) . We constructed an in-frame nonpolar deletion in the orgC gene in serovar Typhimurium SL1344 and confirmed the absence of an invasion phenotype in HEp-2 and RAW 264.7 cells (data not shown). Consistent with this phenotype, we also showed that Elktagged SipA and SptP are secreted and translocated into HEp-2 cells from the orgC deletion mutant in amounts comparable to those for the wt strain. By constructing and characterizing an Elk-tagged OrgC, we discovered that OrgC can be secreted via the SPI1 TTSS; however, we did not detect the translocation of OrgC-Elk into Hep-2 cells using the Elk reporter system.
Homology searches in databases have failed to uncover sequence similarities to the OrgC protein. It is also conceivable that OrgC plays a role as an effector protein that acts in the extracellular environment. Examples of serovar Typhimurium effectors that function extracellularly include SipA, which has been hypothesized to mediate the induction of polymorphonuclear leukocyte transmigration to the site of infection in the host by interacting with receptors on the surfaces of epithelial cells (25) . Alternatively, OrgC may be translocated into host cells, but in minute amounts which the Elk reporter system failed to detect. In fact, the Y. pseudotuberculosis LcrQ protein has been shown to be translocated into host cells (4) . In this case, OrgC may also exert an intracellular function that is redundant or that is unrelated to the invasion phenotype. The lack of an invasion phenotype for mutants that lack individual effector proteins is not unprecedented. Indeed, SopB, SopE, SopE2, SipA, and SptP have all been shown to alter the actin cytoskeleton of epithelial cells but are all dispensable for the invasion phenotype (3, 11, 15, 32, 37, 38, 39) .
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